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Abstract 

Background: Rheumatoid arthritis (RA) is a debilitating and painful disease leading to increased morbidity and 
mortality and novel therapeutic approaches are needed. The purpose of this study was to elucidate if mesenchymal 
stem cells (MSCs) injected in the joints of mice with arthritis are therapeutic, reducing joint swelling and cartilage 
destruction. 

Methods: Murine mesenchymal stem cells (mMSCs) were isolated from bone marrow of C57BI/6 mice and 
expanded in culture. Cells were tested for immunophenotype and their ability to form colonies and to differentiate 
into chondrocytes, osteocytes and adipocytes. Antigen-induced arthritis (AIA) was induced by intra-articular injection of 
methylated bovine serum albumin into the knee joints of preimmunized C57BI/6 mice. After one day, when peak 
swelling occurs, 500,000 mMSCs labelled with red fluorescent cell tracker CM-Dil were injected intra-articularly in 
the right knee joint. Left knee joints were treated as controls by receiving PBS injections. Differences between 
groups were calculated by Mann Whitney U test or unpaired t tests using GraphPad Prism software version 5. 

Results: Knee joint diameter (swelling) was measured as a clinical indication of joint inflammation and this 
parameter was significantly less in MSC-treated mice compared to control-treated animals 48 hours after arthritis 
induction. This difference continued for ~7 days. CM-Dil-labelled MSCs were clearly visualised in the lining and 
sublining layers of synovium, in the region of the patella and femoral and tibial surfaces. By day 3, parameters 
indicative of disease severity, including cartilage depletion, inflammatory exudate and arthritic index were shown 
to be significantly reduced in MSC-treated animals. This difference continued for 7 days and was further confirmed 
by histological analysis. The serum concentration of tumour necrosis factor a was significantly decreased following 
MSC administration. 

Conclusions: Our results reveal that MSCs injected in the joints of mice with AIA are therapeutic, reducing 
inflammation, joint swelling and cartilage destruction. These cells also integrate into the synovium in AIA. 
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Background 

Rheumatoid arthritis (RA) is a debilitating and painful 
disease leading to increased morbidity and mortality and 
novel therapeutic approaches are needed. Recent advances 
using biologic drugs, such as anti-TNF, have made a sig- 
nificant impact on the treatment of RA patients although 
many patients do not respond and 50% discontinue the 
drug after 2 years [1]. For that reason, it is vital to develop 
a new and more effective therapy for RA. 

Mesenchymal stem cells (MSCs) show therapeutic 
potential in pre-clinical models of inflammatory diseases 
and in some clinical trials in patients with Crohn's disease, 
diabetes, GVHD and myocardial infarction [1]. Recently, 
the first human trial using umbilical cord mesenchymal 
stem cells (UC-MSCs) was published for RA and the re- 
sults confirmed the safety and efficacy of UC-MSC infu- 
sion in active RA patients [2]. MSCs are an ideal 
candidate cell type for tissue engineering and cell therapy 
to repair damaged structures in various arthritic condi- 
tions. MSCs possess anti-inflammatory and immuno- 
suppressive properties modulated by the secretion of 
biologically active molecules [3] and since RA is a chronic 
inflammatory autoimmune disease involving tissue de- 
struction, the anti-inflammatory and regenerative func- 
tions of MSCs could be exploited as a therapy [4]. MSCs 
have been given intravenously or intraperitonealy in ani- 
mal models of RA and lead to different therapeutic effects, 
varying from significant improvement to no effect so over- 
all the results remain inconclusive [5]. The reason for this 
may be the route of administration. A number of studies 
used intravenous or intraperitoneal administration and the 
MSCs were not reported to migrate into the joints to exert 
their effects, but have been located in the spleen [3,4]. 
Intra-articular administration of MSCs may be more bene- 
ficial than the intravenous/ intraperitoneal route, applying 
them directly to the affected tissues. 

Here, we investigated whether intra-articular injected 
MSCs are therapeutic, reducing joint swelling and cartil- 
age destruction in murine antigen-induced arthritis (AIA). 
The characteristics of this model are as follows [6-9]: pre- 
immunisation induces humoral and cell-mediated immun- 
ity; leukocyte migration occurs into the joint, including 
neutrophils, lymphocytes, plasma cells and macrophages; 
it is a uniarthritis with controlled onset; pannus formation 
occurs resulting in erosive changes of cartilage and bone; 
it is antigen-specific with local hyper- reactivity and anti- 
gen retention in cartilage; chronicity can be achieved by 
repeated flares. 

Methods 

Animals 

Experiments were undertaken in 7- to 8-wk-old C57B1/6 
male mice. Procedures were performed in accordance with 
Home Office-approved project licence PPL 40/3594. 



Induction of murine AIA 

Murine AIA was induced as described [6]. Briefly, mice 
were immunised subcutaneously with 1 mg/ml of meth- 
ylated BSA (mBSA) emulsified with an equal volume of 
Freunds complete adjuvant and injected intraperitonealy 
with 100 (il heat-inactivated Bordetella pertussis toxin 
(all reagents were from Sigma- Aldrich). The immune re- 
sponse was boosted 1 week later. Twenty-one days after 
the initial immunisation, murine AIA was induced by 
intra-articular injection of 10 mg/ml mBSA in the right 
knee (stifle) joint. For a control, the same volume of PBS 
was injected into the left knee joint. Animals were 
inspected daily for arthritis development by measuring 
knee joint diameters using a digital micrometer (Kroeplin 
GmbH). The difference in joint diameter between the 
arthritic (right) and non-arthritic control (left) in each ani- 
mal gave a quantitative measure of swelling (in mm). 

Cells 

Murine MSCs (mMSCs) were isolated from C57B1/6 
mice (n = 5) as previously described [10]. Briefly, bone 
marrow ceUs were collected by flushing them out of fe- 
murs and tibiae and ceUs plated out in ceU isolation 
media (CIM) (RPMI-1640) (Gibco,UK) with 9% fetal 
bovine serum (Gibco,UK), 9% horse serum (Gibco, UK) 
and 1% penicillin-streptomycin at 37°C in 5% CO2. After 
24 hours, nonadherent cells were removed and 4 weeks 
later, cells were re-plated at 100 cells per cm^ in complete 
expansion media (CEM) (Iscove Modified Dulbecco Medium 
(IMDM)) (Gibco, UK) supplemented with 9% fetal bovine 
serum (Gibco, UK), 9% horse serum (Gibco, UK) and 1% 
penicillin-streptomycin for MSC expansion. Cells were ex- 
amined for their ability to differentiate into chondrocytes 
(using pellet cultures), osteocytes and adipocytes, as de- 
scribed [10]. 

For the colony-forming unit assay 100 ceUs at passage 
3 were plated in triplicate on 58 cm^ plates in CEM as 
described in [10]. CeUs were incubated for 14 days in 
CEM, and stained with 3% crystal violet in methanol at 
room temperature for 20 minutes. All visible colonies 
were counted. Passage 3 ceUs were tested for immuno- 
phenotype with the foUowing antibodies: anti-mouse 
Ly-6A (Sca-l)PE, anti-human/mouse CD44 PE, anti- 
mouse CD lib PE, anti-mouse CD45 PE and anti-mouse 
CD31 PE (all from eBioscience) using flow cytometry. Data 
were collected and displayed in dot plot and histogram 
format using CellQuestPro software (Becton Dickinson, 
Oxford, UK). More than 95% of mMSCs were positive for 
Sca-1 (murine MSC marker) and CD44 (mesenchymal cell 
marker) cell surface markers and were less than 3% posi- 
tive for CD lib (macrophage and monocyte marker), 
CD45 (leukocyte marker) and CD31 (endothelial cell 
marker). Propidium iodide staining was included in the 
immunophenotyping to evaluate the viability of the cells. 
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CM-Dil labelling 

A stock solution of the red fluorescent cell tracker CM- 
Dil (Molecular Probes, UK) was prepared in dimethyl 
sulfoxide (DMSO) at concentration of 1 mg/ml MSCs 
were trypsinized, washed with phosphate-buffered saline 
(PBS), and incubated in the working solution of CM-Dil 
(2.5 [A of stock per 1 ml of PBS) for 5 minutes at 37°C, 
and then for additional 15 minutes at 4°C, in the dark. 
Unincorporated dye was then removed by centrifugation 
at 300 g for 5 minutes and 2 washes in PBS. Cells were 
resuspended in serum free IMDM and maintained at 4° 
until injection. 

Intra-articular injection of MSCs 

After one day post arthritis induction, when peak swelling 
occurs, 10 [A of serum free IMDM, containing 500,000 
MSCs labelled with cell tracker CM-Dil were injected 
intra-articularly (0.5 ml monoject (29 G) insulin syringe, 
BD Micro-Fine, Franklyn Lakes, USA) through the patellar 
ligament into the right knee joint. Stretching of the hind- 
leg facilitated the intra-articular injection. Control animals 
were injected with 10 [A of serum free IMDM. Joint diam- 
eters were measured at days 1, 2, 3, 5, 7, 14, 21 and 28. At 
the end of the experiments, animals were killed and joints 
were collected for histology. Experiments were performed 
independently, twice, and all measures were made to re- 
duce the number of used animals (n = 6 animals/per time 
point). 

Histological assessment 

Animals were sacrificed at the indicated times after induc- 
tion of arthritis (at days 3, 7, 14, 21 and 28; n = 6 animals/ 
per time point). Joints were fixed in neutral buffered for- 
mal saline, and decalcified with formic acid at 4°C before 
embedding in paraffin. Mid-sagittal serial sections (5 [im 
thickness) were cut and stained with haematoxylin and 
eosin (H&E). For detection of CM-Dil-labelled MSCs, sec- 
tions were rehydrated through a xylene and alcohol, 
stained with fluorescent dye DAPI ( Sigma- Aldrich, UK), 
mounted in Hydromount (National Diagnostics, UK) and 
examined by fluorescence microscopy. Two independent 
observers blinded to the experimental groups scored H&E 
sections. Synovial hyperplasia, cellular exudate and cartil- 
age depletion were scored from 0 (normal) to 3 (severe); 
synovial infiltrate was scored from 0 to 5 [6]. Cartilage 
damage was scored on serial toluidine blue stained sec- 
tions. All parameters were subsequently summed to give 
an arthritis index (mean ± SEM). 

Endothelial cells in the joint synovia were identified by 
immunofluorescence with rabbit anti-von Willebrand 
factor (1:100; Dako, Ely, UK) followed by goat anti- rabbit 
Alexa 488 second antibody (1:400; Life Technologies, 
Paisley, UK). 



TNFa assay 

Serum concentration of TNFa was measured using a 
mouse TNFa ELISA Ready-SET-Go! Kit (eBioscience) 
according to the manufacturer s instructions. 

Statistical analysis 

Differences between groups were compared by Mann 
Whitney U or unpaired t tests, using GraphPad Prism 
software version 5. P values less than 0.05 being deemed 
as significant. 

Results 

Characterisation of murine bone marrow MSCs 

mMSCs were successfully differentiated towards adi- 
pogenic, osteogenic and chondrogenic lineages after 
21 days in culture with relevant differentiation media 
(Figure lA-C). Adipogenic differentiation was verified 
by the presence of lipid droplets stained positive with 
oil red O (Figure lA), the osteogenic differentiation 
was detected by alkaUne phosphatase (ALP) staining 
(Figure IB) and chondrogenesis was confirmed by for- 
mation of dark blue/purple proteoglycan-producing 
pellets (Figure IC). Colony-forming units assay was 
used to assess the proliferative capacity of the cells 
being expanded in culture, and the results showed that 
passage 3 cells retained the high proliferation rate in 
culture (Figure ID). 

Flow cytometry analysis showed that isolated and cul- 
tured mMSCs were negative for hematopoietic markers 
CDllb and CD45, the endothelial cell marker CD31 
(PECAM), and positive for the mesenchymal markers 
CD44 and Sca-1 (Figure IE). Propidium iodide staining 
indicated a cell viability >96%. 

Decreased severity of AIA following treatment with 
murine MSCs 

AIA is model of inflammatory arthritis with many histo- 
pathological and clinical similarities to RA [6-9]. In 
order to investigate the therapeutic effects of mMSCs 
we used AIA which was induced in the right knee joints 
of C57B1/6 mice (t = 0). After one day, when peak swell- 
ing occurs, the knee joints were injected with mMSCs. 
Knee joint diameters (swelling) were measured as a clin- 
ical indication of joint inflammation and this parameter 
(mean ± SEM in mm) was significantly less in MSC- 
treated mice compared to control-treated animals 2 days 
after arthritis induction (0.98 ± 0.06 mm versus 1.27 ± 
0.06 mm; p = 0.0009) (Figure 2A). This difference contin- 
ued for ~7 days post intra-articular mBSA administration 
(0.34 ±0.06 mm versus 0.74 ± 0.09mm; p = 0.0009). At 
days 14 and 21 there were no significant differences in 
swelling between MSC-treated and non-treated animals. 

Histologically AIA was characterised by synovial 
hyperplasia of the synovial lining layer, infiltration of 
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Figure 1 In vitro cliaracterisation of murine MSCs (mMSCs). Passage 3 mMSCs underwent successful differentiation down adipogenic (A), osteogenic 
(B) and clirondrogenic (C) lineages after 21 days in appropriate differentiation media. D) Representative colony-forming unit analysis. 
E) Immunophenotypic profile of passage 3 mMSCs are negative for haematopoietic markers CDl 1 b and CD45, endothelial marker CD31 and positive 
for mesenchymal markers CD44 and Sca-1 . The solid peak is corresponding isotype control. Scale bars = 1 00 jjm in A and B, 200 jjm in C. 



the synovial sublining by leukocytes, exudate in the 
joint cavity, and loss of proteoglycans from the articular 
cartilage, as observed in haematoxylin/eosin and tolui- 
dine blue stained sections (Figure 2B, D and E). These 
changes did not occur in contralateral knee joints which 
were injected with PBS instead of mBSA and appeared 
histologically normal. The inflammation and cartilage 
degradation appeared less severe in MSC-treated mice 
compared to control treated (Figure 2B-F). In order to 
quantitate these changes, the parameters were scored as 
a measure of disease severity and differences between 
MSC-treated and non- treated mice were evident (Table 1). 
In MSC-treated mice at day 3 there was a significant 
reduction of amount of exudates in the joint cavity 
which contained leukocytes including neutrophils (p = 
0.0004), cartilage depletion (p = 0.0003) and arthritis 



index representing overall disease severity (p = 0.0009) 
(Table 1, Figure 2B-F). At day 7 post intra-articular in- 
jection of mBSA, there were still significant differences 
between MSC-treated and non-treated mice for exud- 
ate (p = 0.024), cartilage depletion (p = 0.035), synovial 
hyperplasia (p = 0.01) and arthritis index (p = 0.013). At 
day 14, all parameters were reduced in the presence of 
MSCs although these only approached significance (eg 
p = 0.09 for cartilage depletion) (Table 1). At day 28 post 
intra- articular injection of mBSA, there were no signifi- 
cant differences between MSC-treated and control-treated 
animals for all parameters. 

Serum levels of TNFa were lower in the MSC-treated 
group with AIA compared to the non-treated group at day 
3 (p = 0.024), day 7 (p = 0.001) and day 14 (p = 0.008) 
(Figure 3). 
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(See figure on previous page.) 

Figure 2 The effects of intra-articular injection of murine MSCs (mMSCs) into Icnee joints of mice with antigen-induced arthritis. 

Artliritis was induced by intra-articular injection of metliylated BSA in tine riglit l<nee (stifle) joint (t = 0 in A). For a control, PBS was injected into 
the left knee joint. Murine MSCs were isolated from bone marrow and expanded in culture. 500,000 mMSCs in serum free medium were injected 
at the peak of joint swelling (after 1 day) into the knee joints of mice with arthritis. Injection of serum free medium alone was control. (A) Reduced joint 
swelling in the presence of mMSCs. Joint diameters were measured as an index of swelling (joint inflammation). Data are means ± SEM for right knee 
after subtraction of left knee control; n = 6 mice with MSCs and control without MSCs. *p < 0.05, ***p < 0.001 compared with corresponding time point. 
(B-F) Histology of joints in mouse antigen-induced arthritis 3 days after induction. (B) Arthritic knee joint with marked leukocyte exudates in the joint 
space {*). (C) is the same as B except MSCs have been injected. Note the lack of exudates. (D) detail of exudate in the joint cavity in the absence of 
MSCs comprising leukocytes, particularly neutrophils (arrows show examples). (E) arthritic knee joint with loss of proteoglycan staining in the surface 
regions of tibial and femoral articular cartilage (arrow). F is the same as E except the joint was injected with mMSCs and there is less cartilage 
degradation. B, C and D were stained with haematoxylin and eosin and E and F with toluidine blue. Scale bar =500 pm in B and C, 20 |jm in D 
and 200 |jm in E and F. 

k J 



Intra-artlcularly injected MSCs migrated Into the synovia 
of knee joints 

3, 7, 14 and 28 days after arthritis induction CM-Dil- 
labelled MSCs were clearly visualised in the lining and 
sublining layers of the synovium, in the region of the pa- 
tella, and femoral and tibial surfaces (Figure 4A and D). 
Figure 4E illustrates absence of MSC-endothelial cell co- 
localisation in the synovium of injected joints. At all 
time points there was no localisation of labelled MSCs 
in other joint tissues such as articular and meniscal car- 
tilage. To further assess whether injected MSCs could 
migrate to some distant organs or not, we tried to detect 
CM-Dil-labelled red-fluorescent MSCs by immunofluor- 
escence in contralateral joints and in lungs, spleens and 
livers of mice at the end of the experiments. We were 
unable to identify any red-fluorescent cells in these or- 
gans at different time points during the experiment 
(Figure 4F-I). 

Discussion 

In this study, we examined a therapeutic strategy for 
arthritis using a single intra-articular injection of MSCs. 
We found that these cells are therapeutic, reducing the 
severity of AIA in mice. An injection of 500,000 MSC 
given at the peak of joint swelling was enough to prevent 
the occurrence of severe cartilage damage, and reduce 
joint inflammation and exudate in the joint cavity. Studies 



of MSCs as a cellular therapy for animal models of RA 
exhibit contradictory results [5]. Experimental protocols 
differed between all of these studies, which may, in part, 
explain discrepancies in results.Djouad et al, Mao et al 
and Choi et al used intravenous but Gonzalez et al. used 
intraperitoneal administration and the MSCs were not 
reported to migrate into the joints to exert their effects, 
but have been located in the spleen [5,11-13]. Further- 
more intravenously injected MSCs are known to be- 
come lodged in the lungs which could further hamper 
their therapeutic effect [14]. Our data suggest that intra- 
articular administration of MSCs may be more beneficial 
than the intravenous/intraperitoneal route, applying them 
directly to the affected tissues. The homing of systemically 
injected MSCs in the AIA model has not been studied and 
will be of the interest to compare with the results of intra- 
articular administration used in the present study and to 
compare with other models such as systemic injections in 
collagen-induced arthritis. Our findings indicate that joint 
swelling in arthritis as a clinical indication of joint inflam- 
mation is reduced in the presence of administered MSCs 
and these cells migrate into the inflamed synovium. Fur- 
thermore, MSCs reduce the amount of exudates in the 
joint cavity. Joint swelling is common with different types 
of arthritis and is caused by oedema due to the endothelial 
cells of blood vessels becoming lealcy in the inflamed syno- 
vium [15]. We hypothesise that soluble factors produced 



Table 1 Joint inflammation and cartilage damage on day 3, 7 and 14 of antigen-induced arthritis as assessed by 
histological scoring 



Species 


Days 


Hyperplasia 


Synovial infiltrate 


Exudate 


Cartilage depletion 


Arthritis index 


Control animals 


3 


1 .75 ± 0.29 


3.56 ± 0.40 


2.78 ±0.1 5 


1.78 ±0.33 


9.89 ± 0.88 




7 


2.43 ± 0.23 


3.93 ± 0.39 


2.1 4 ±0.46 


1.71 ±0.52 


10.2 ± 1.46 




14 


1 .67 ± 0.67 


1 .67 ± 1 .20 


1.17 ±0.92 


1.50 ±0.87 


6.00 ±3.61 


MSC treated animals 


3 


1.70 ±0.1 7 


2.83 ± 0.25 


1.13 ±0.32*** 


0.33 ±0.14*** 


5.96 ±0.57*** 




7 


1.19 ±0.28* 


2.69 ± 0.43 


0.75 ±0.31* 


0.44 ± 0.29* 


5.06 ±1.09* 




14 


1 .00 ± 0.00 (p = 0.39) 


1.00 ±0.41 (p = 0.58) 


0.00 ±0.00 (p = 0.19) 


0.00 ± 0.00 (p = 0.09) 


2.00 ±0.41 (p = 0.25) 



Synovial hyperplasia of the lining layer, synovial infiltration of the sublining by leukocytes, exudate in the joint cavity, and loss of proteoglycan from the articular 
cartilage were observed in haematoxylin/eosin and toluidine blue stained sections. Sections were scored blind by two independent observers from 0 to 3 
(hyperplasia, exudate and cartilage depletion) or 0 to 5 (infiltrate). The arthritis index is the sum of all observations, ^p < 0.05; and ^^^p < 0.001 of the parameter 
compared to control animals at the same point, using unpaired t test, n = 6 mice. 
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Figure 3 Serum concentration of TNFa at the indicated time 


points (day 3, 7 and 14), analysed by enzyme-linked 


immunosorbent assay. Data are means ± SEM; n = 6 mice with 


MSCs and control without MSCs. *p < 0.05, < 0.01 . 



by MSCs are responsible for permeability changes in the 
synovial endothelial cells, although further studies are re- 
quired in this regard. Direct MSC-endothelial cell contact 
is most likely not responsible since these cells did not 
colocalise (Figure 4E). In this connection, in vitro and 
in vivo studies with pulmonary endothelial cells reveal that 
MSCs and conditioned media from these cells inhibit 
endothelial cell permeability and lung oedema by preserv- 
ing adherent junctions (VE-cadherin and p-catenin) [16]. 
Recent studies show that complexes of alarmins S100A8 
and S100A9, which are major products of neutrophils and 
macrophages [17], bind to endothelial cells via specific 
interaction with heparan sulphate proteoglycans, inducing 
inflammatory responses in endothelial cells and increasing 
the endothelial permeability [18]. It is currently unknown 
if mMSCs and alarmins effect permeability of the synovial 
endothelial cells. 

Histological analysis of joint sections was used to de- 
termine the nature of cells in exudate within the joint 
space. Leukocytes, and in particular neutrophils, were 
identified by their nuclear morphology and were broadly 
distributed throughout joint exudate in control-treated 
mice. There was a significant reduction of amount of ex- 
udates, comprising leukocytes in the joint cavity in 
MSC-treated mice at days 3 and 7 after arthritis induc- 
tion. Neutrophils have been considered as important 
cells in the development of inflammatory joint disease, 
as supported by several studies involving experimental 
models of arthritis [19]. Neutrophils are found in high 
numbers within the human rheumatoid joint, especially 
in the joint fluid. Here they have a significant potential 
to directly inflict damage to tissue, bone and cartilage via 
the secretion of proteases and toxic oxygen metabolites, as 
well as driving inflammation through antigen presentation 
and secretion of cytokines, chemokines, prostaglandins 
and leucotrienes [20]. Neutrophil depleted mice are com- 
pletely resistant to the inflammatory effects of arthrito- 
genic serum from K/BxN mice [19]. In the present study 
an intra-articular injection of MSCs given at the peak of 



joint swelling reduces the accumulation of leukocytes in 
the joint fluid in AIA which may be related to the reduced 
joint damage in terms of cartilage depletion. It is possible 
that soluble anti-inflammatory factors produced by MSCs 
influence leukocyte accumulation in the joint fluid during 
inflammation in AIA. In the synovium there was also a re- 
duction in leukocyte infiltration but this did not reach 
statistical significance. 

Cartilage damage was scored on serial toluidine blue- 
stained sections based upon proteoglycan loss in articular 
cartilage. Healthy cartilage shows a dark blue stain and a 
loss of cartilage proteoglycans is indicated by cartilage 
destaining [21]. 

We directly compared the extent of cartilage damage in 
control and MSC-injected sections by semi-quantitative 
histological scoring (Table 1) and cartilage depletion was 
scored from 0 (normal) to 3 (severe). 

Our results showed inhibition of proteoglycan loss, a 
marker of early cartilage destruction, by local MSC 
treatment. Breakdown of the cartilage matrix is one of 
the features of RA. Aggrecan can be cleaved by both 
matrix metalloproteinases (MMPs) and a disintegrin and 
metalloproteinase with a thrombospondin type 1 motif 
(ADAMTS) at different sites. Formation of the NITEGE 
(ADAMTS-cleaved) and DIPEN (MMP-cleaved) aggrecan 
neoepitopes and their detection with neoepitope anti- 
bodies can provide information about which enzyme is 
the major one that degrades aggrecan in mouse cartilage 
and has set a target for the development of new drugs 
designed to inhibit cartilage destruction in RA [22]. 

Early cartilage destruction in AIA is characterised by 
loss of aggrecan and the ADAMTS family members are 
thought to be involved in mediating this loss [18,23]. 
ADAMTS-5 is of special interest since only lack of the 
Adamts-S gene prevents cartilage damage in a mouse 
model of arthritis [24]. It is possible that factors re- 
leased by MSCs influence the activity or expression of 
ADAMTS enzymes resulting in less aggrecan degrad- 
ation. It has been shown in experimental osteoarthritis 
model that stem ceU treatment strongly inhibited ex- 
pression of neo-epitopes (NITEGE), suggesting sup- 
pression of ADAMTS activity [17]. Another possibility 
is that MSCs are directly differentiating into chondro- 
cytes leading to less cartilage destruction. However, 
this is unlikely as injection of fluorescently labelled 
MSCs did not localise to cartilage but to the inflamed 
synovium (Figure 4 A and 4D). 

TNFa is a cytokine involved in inflammation and tissue 
degradation in RA. The finding that administration of 
MSCs results in reduced levels of TNFa in the circulation 
may be related to their anti-inflammatory effects, in terms 
of reducing oedema, swelling and leukocyte accumulation, 
and cartilage protective effects namely inhibiting proteo- 
glycan degradation. 
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Figure 4 MSCs injected into the joint localise to the synovium. 500,000 CM-Dil-labelled red-fluorescent mouse MSC were injected intra-articularly 
into tine l<nee joint spaces of mice witli antigen-induced artliritis. (A) low magnification image of a mouse joint 2 days after MSC injection, the arrows 
indicate MSCs (red) localising to the synovium. (B) joint of control treated mouse 2 days after MSC injection, no red fluorescence, DAPI blue. (C) low 
magnification H&E stained image of a mouse joint 2 days after MSC injection (same joint as A), the arrows indicate regions of MSC localisation 
(corresponding to A). (D) higher magnification showing MSCs localising to the lining of synovium (C-cartilage; L-lining layer of the synovium; 
S-sublining layer of the synovium). DAPI stain cell nuclei. (E) sections were treated with rabbit anti- von-Willebrand factor antibodies followed by goat 
anti-rabbit Alexa 488 to identify endothelial cells (arrows) in MSC-injected joints. Absence of red fluorescence in F- contra-later joint, G- lungs, H-spleen 
and l-liver. Scale bar 500 pm in A, B, C; 50 |jm in D and E; and 200 |jm in F-l. 
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Several groups demonstrated therapeutic effects of 
intra-articular injections of MSCs in experimental osteo- 
arthritis models [17,25-27]. These studies showed anti- 
inflammatory and reparative effects on cartilage using 
both bone marrow-derived and adipose-derived stem cells. 
In addition, intra- articularly injected adipose-derived stem 
cells were found to home to the subintimal synovial lining 
layer in mice [17]. The current study in an RA model is in 
general agreement with these osteoarthritis models. 

Conclusion 

Our data demonstrate that an intra-articular injection of 
MSCs into the knee joints of mice with AIA ameliorates 
the severity of disease, causing reduced swelling, exudates 
in the joint fluid and cartilage damage. These MSCs home 
to the synovium. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

OK performed the experimental work and wrote the paper; AC performed 
the experimental work; AA, AEH and JM designed the study and JM also 
wrote the manuscript. All authors read and approved the final manuscript. 

Acl<nowledgments 

We thank Pat Evans, Martin Pritchard and Nigel Harness for their histological 
expertise, staff at the LSSU of Liverpool John Moores University for breeding 
and keeping of the mice and Dr Anwen Williams with help setting up the 
model. 

This work was supported by the Institute of Orthopaedics Ltd, Oswestry [PG 
123], the Oswestry Rheumatology Association and the EPSRC Centre for 
Innovative Manufacturing in Regenerative Medicine [ECP023/081 1]. 

Author details 

Veele University, ISTM at RJAH Orthopaedic Hospital, Oswestry SYIO 7AG, 
Shropshire, UK. ^RJAH Orthopaedic and District Hospital, Oswestry, 
Shropshire, UK. ^Keele University, ISTM, Hartshill, Stoke on Trent, Staffordshire, 
UK. "^University of Bristol, Faculty of Medicine and Dentistry, School of Oral 
and Dental Sciences, Bristol, UK. ^Current address: Oxford University, Kennedy 
Institute of Rheumatology, London, UK. 

Received: 6 March 2014 Accepted: 15 May 2014 
Published: 3 June 2014 

References 

1. Newman RE, Yoo D, LeRoux MA, Danilkovitch-Miagkova A: Treatment of 
inflammatory diseases with mesenchymal stem cells, Inflamm Allergy Drug 
Targets 2009, 8(2):1 10-123. 

2. Wang L, Wang L, Cong X, Liu G, Zhou J, Bai B, Li Y, Bai W, Li M, Ji H, Zhu D, 
Wu M, Liu Y: Human umbilical cord mesenchymal stem cell therapy for 
patients with active rheumatoid arthritis: safety and efficacy. Stem Cells 
Dev 2013, 22(24):3 192-3202. 

3. Djouad F, Bouffi C, Channam S, Noel D, Jorgensen C: Mesenchymal stem 
cells: innovative therapeutic tools for rheumatic diseases. Nat Rev 
Rheumatol 2009, 5:392-399. 

4. Augello A, Tasso R, Negrini SM, Cancedda R, Pennesi G: Cell therapy using 
allogeneic bone marrow mesenchymal stem cells prevents tissue 
damage in collagen-induced arthritis. Arthritis Rheum 2007, 

56(4):1 175-1 186. 

5. MacDonald Gl, Augello A, De Bari C: Role of mesenchymal stem cells in 
reestablishing immunologic tolerance in autoimmune rheumatic 
diseases. Arthritis Rheum 201 1, 63:2547-2557. 

6. Nowell MA, Richards PJ, Horiuchi S, Yamamoto N, Rose-John S, Topley N, 
Williams AS, Jones SA: Soluble IL-6 receptor governs IL-6 activity in 



experimental arthritis: blockade of arthritis severity by soluble 
glycoprotein ^30. J Immunol 2003, 171:3202-3209. 

7. Brackertz D, Mitchell GF, Mackay IR: Antigen-induced arthritis in mice. I. 
Induction of arthritis in various strains of mice. Arthritis Rheum 1977, 
20:841-850. 

8. van den Berg WB: What we learn from arthritis models to benefit arthritis 
patients. Bailliere's Clin Rheumatol 2000, 14:599-616. 

9. Van Lent PL, van Vuuren AJ, Blom AB: Role of Fc receptor gamma chain in 
inflammation and cartilage damage during experimental antigen- 
induced arthritis. Arthritis Rheum 2000, 43:740-752. 

10. Peister A, Mellad JA, Larson BL, Hall BM, Gibson LF, Prockop DJ: Adult stem 
cells from bone marrow (MSCs) isolated from different strains of inbred 
mice vary in surface epitopes, rates of proliferation, and differentiation 
potential. Blood 2004, 103:662-668. 

11. Mao F, Xu WR, Qian H, Zhu W, Yan YM, Shao QX, Xu HX: Immunosuppressive 
effects of mesenchymal stem cells in collagen-induced mouse arthritis. 
Inflamm Res 20)0, 59:219-225. 

12. Choi JJ, Yoo SA, Park SJ, Kang YJ, Kim WU, Oh IH, Cho CS: Mesenchymal 
stem cells overexpressing interleukin-10 attenuate collagen-induced 
arthritis in mice. Clin Exp Immunol 2008, 153:269-276. 

13. Gonzalez MA, Gonzalez-Rey E, Rico L, Busher D, Delgado M: Treatment of 
experimental arthritis by inducing immune tolerance with human 
adipose-derived mesenchymal stem cells. Arthritis Rheum 2009, 
60:1006-1019. 

14. Barbash IM, Chouraqui P, Baron J, Feinberg MS, Etzion S, Tessone A, Miller L, 
Guetta E, Zipori D, Kedes LH, Kloner RA, Leor J: Systemic delivery of bone 
marrow-derived mesenchymal stem cells to the infarcted myocardium: 
feasibility, cell migration, and body distribution. Circulation 2003, 
108:863-868. 

15. Middleton J, Americh L, Gayon R, Julien D, Aguilar L, Amalric F, Girard JP: 
Endothelial cell phenotypes in the rheumatoid synovium: activated, 
agiogenic, apoptotoc and leaky. Arthritis Res Ther 2004, 6:60-72. 

16. Rati S, Gerber MH, Menge TD, Wataha KA, Zhao Y, Baumgartner JA, Zhao J, 
Letourneau PA, Huby MP, Baer LA, Salsbury JR, Kozar RA, Wade CE, Walker 
PA, Dash PK, Cox CS Jr, Doursout MF, Holcomb JB: Bone marrow derived 
mesenchymal stem cells inhibit inflammation and preserve vascular 
endothelial integrity in the lungs after hemorrhagic shock. PLoS One 
2011, 6:e25171.Epub 2011 Sep 28. 

17. ter Huurne M, Schelbergen R, Blattes R, Blom A, de Munter W, Grevers LC, 
Jeanson J, Noel D, Casteilla L, Jorgensen C, van den Berg W, van Lent PL: 
Antiinflammatory and chrondroprotective effects of intraarticular 
injection of adipose-derived stem cells in experimental osteoarthritis. 
Arthritis Rheum 2012, 64:3604-3613. 

18. van Lent PL, Grevers L, Blom AB, Sloetjes A, Mort JS, VogI T Nacken W, van 
den Berg WB, Roth J: Myeloid-related proteins S100A8/S100A9 regulate 
joint inflammation and cartilage destruction during antigen-induced 
arthritis. Ann Rheum Dis 2008, 67:1750-1758. 

19. Williams AS, Richards PJ, Thomas E, Carty S, Nowell MA, Goodfellow RM, 
Dent CM, Williams BD, Jones SA, Topley N: Interferon-gamma protects 
against the development of structural damage in experimental arthritis 
by regulating polymorphonuclear neutrophil influx into diseased joints. 
Arthritis Rheum 2007, 56:2244-2254. 

20. Wright HL, Moots RJ, Bucknall RC, Edwards SW: Neutrophil function in 
inflammation and inflammatory diseases. Rheumatology 2010, 49:1618-1631. 

21. Korb-Pap A, Stratis A, Muhlenberg K, Niederreiter B, Hayer S, Echtermeyer F, 
Stange R, Zwerina J, Pap T, Pavenstadt H, Schett G, Smolen JS, Redlich K: 
Early structural changes in cartilage and bone are required for the 
attachment and invasion of inflamed synovial tissue during destructive 
inflammatory arthritis. Ann Rheum Dis 2012, 71:1004-101 1. 

22. Stanton H, Golub SB, Rogerson FM, Last K, Little CB, Fosang AJ: 
Investigating ADAMTS-mediated aggrecanolysis in mouse cartilage. 
NatProtoc 2011,6:388-404. 

23. Bondeson J, Wainwright S, Hughes C, Caterson B: The regulation of the 
ADAMTS4 and ADAMTS5 aggrecanases in osteoarthritis: a review. Clin 
Exp Rheumatol 2008, 26:139-145. 

24. Stanton H, Rogerson FM, East CJ, Golub SB, Lawlor KE, Meeker CT Little CB, 
Last K, Farmer PJ, Campbell IK, Fourie AM, Fosang AJ: ADAMTS5 is the 
major aggrecanase in mouse cartilage in vivo and in vitro. Nature 2005, 
434:648-652. 

25. Mokbel AN, El Tookhy OS, Shamaa AA, Rashed LA, Sabry D, El Sayed AM: 
Homing and reparative effect of intra-articular injection of autologus 



Kehoe et al. Journal of Translational Medicine 2014, 12:1 57 
http://www.translational-nnedicine.conn/content/1 2/1/1 57 



Page 10 of 10 



mesenchymal stem cells in osteoarthritic animal model. BMC 

Musculoskelet Disord 201 1, 12:259-277. 

26. Sato M, Uchida K, Nakajima H, Miyazaki T, Guerrero AR, Watanabe S, Roberts 
S, Baba H: Direct transplantation of mesenchymal stem cells into the 
knee joints of Hartley strain guinea pigs with spontaneous osteoarthritis. 
Arthritis Res Ther 2012, 14:R31. 

27. Desando G, Cavallo C, Sartoni F, Martini L, Parrilli A, Veronesi F, Fini M, 
Giardino R, Facchini A, Grigolo B: Intra-articular delivery of adipose 
derived stromal cells attenuates osteoarthritis progression in an 
experimental rabbit model. Arthritis Res Ther 2013, 15:R22. Epub ahead of 
print. 



doi:1 0.1 1 86/1 479-5876-1 2-1 57 

Cite this article as: Kehoe et al.: Intra-articular injection of mesenchymal 
stem cells leads to reduced inflammation and cartilage damage in 
murine antigen-induced arthritis. Journal of Translational Medicine 
2014 12:157. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at /^\ Ri^nHod rpntral 

www.biomedcentral.com/submit momea L.enTrai 



